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INTRODUCTION
Effective conservation measures for biota should take into account not only the diversity of species but also the functional diversity of ecosystems (Santos et al., 2012) , which includes biotic and abiotic interactions. Ecological interactions elucidate evolutionary and co-evolutionary paths (Jordano et al., 2003; Agrawal et al., 2012; Forister et al., 2012) and provide numerous ecosystem services, such as pollination (Kaiser-Bunbury et al., 2010) and dispersion (Jordano et al., 2003) . Interactions considered "disharmonic", such as herbivory, predation, competition and parasitism, also play important roles, especially in controlling antagonistic populations (Van der Putten et al., 2001 ) and deserve to be investigated to elucidate the determinant parameters in these processes.
Galls are the result of an interaction between an inducer and its host, which causes morphological changes in plant tissues or organs, resulting in hypertrophy and hyperplasia of plant cells in response to species-specific stimuli (Mani, 1964; Costa et al., 2010) . Galling insects are highly specialized herbivores, making the process of locating the host plant vital for the colonization of certain sites. The populations of these insects are regulated, and their performance is affected by variations in the host plant, such as the variability among plants of the same species and variation within the same plant (Hunter et al., 1992; Fagundes et al., 2001) . Thus, the occurrence of these herbivores is generally affected by the size of individuals and the spatial distribution of host plants (Strong et al., 1984) , which are representative attributes of the abundance of oviposition resources.
Regarding plant size, the plant architecture hypothesis (Lawton, 1983) predicts that structurally more complex plants offer more microhabitats and therefore support larger populations of herbivores. In this sense, allometric relationships, i.e., plant size to shape relationships, in addition to reflecting the adaptive strategies of plants (Niklas, 1994) , provide an idea of the structural complexity of the individuals and consequently of the exposure of individuals to the action of herbivores. In turn, the resource concentration hypothesis (Root, 1973) predicts that resource patches with more concentrated spatial distributions must have a greater abundance of herbivores, that is, there is an effect of host plant density on the abundance and parasitism of galls.
In addition to these factors, there is the effect of environmental heterogeneity. Gallers have different distributions, which depend on the habitat and vegetation type (Gonçalves-Alvim & Fernandes, 2001; Mendonça et al., 2010; Araújo & Guilherme, 2012) . Investigating the effects of landscape on the density of galling insects is an important way to clarify these patterns in changing ecosystems. In this sense, both the landscape complexity and the type of matrix can alter the occurrence of galling insects (Araújo & Guilherme, 2012) . This point is somewhat obscure because most studies that address the ecology of the plant-gall interaction address local patterns (a single environment), and of these, most studies in Brazil are concentrated in the Brazilian Savannah (e.g., Lara et al., 2008; Costa et al., 2010) . Few studies address interactions of this nature in ecotones, where a mixture of vegetation from adjacent and different formations occurs. Ecotones are very peculiar environments because they are located in the transition zone between two ecosystems, with several implications for the organisms that inhabit them.
The documentation and elucidation of biodiversity patterns are essential for the conservation of plant and insect species. The close and highly specialized gallerplant relationship makes gallers more susceptible to local environmental changes. Consequently, gallers can be used as bioindicators (Fernandes et al., 1995) and tools in environmental quality studies (Julião et al. 2005) . In this context, the objectives of the present study were (a) to evaluate whether the structural complexity of an individual host (test of the structural complexity hypothesis) and the distance between hosts (test of the resource concentration hypothesis) affect the density of galls in a forest-savannah ecotone and (b) to analyze the spatial configuration of the infestation to identify sites of high galler success. It was expected that more structurally complex individuals will have higher gall density, that gall density is spatially dependent, and gallers are more successful in the savannah than in forested areas.
MATERIALS AND METHODS

Host species studied
Heteropterys byrsonimifolia A. Juss. is an arboreal Malpighiaceae, popularly known in Brazil as "Murici-macho", abundant in the state of Minas Gerais, and is frequently found in Brazilian savannah formations (Mendonça et al., 1998) , seasonal semideciduous forests (Oliveira-Filho et al., 1994; Carvalho et al., 2005) and seasonal deciduous forests (Nunes et al., 2006) . The leaves of H. byrsonimifolia are simple, decussate and elliptical, and at the study site, they were infested with a single gall morphotype on the adaxial side. The galling insect was not identified, but field observations pointed to the order Diptera.
Study site and data collection
The study was carried out in an ecotonal area between the savannah sensu stricto (woodland savannah) and a semi-deciduous seasonal forest in the ecological reserve Quedas do Rio Bonito, located in La-vras, Minas Gerais, Brazil, with coordinates 21°20'09"S and 44°58'49"W ( Figure 1A ).
Sampling was carried out in a specific area of approximately 1,500 m², where 50 individuals of H. byrsonimifolia were randomly sampled and identified in the field by an expert ( Figures 1B and 1C) . The Cartesian coordinates of the individuals in the field were recorded using tape measures. To characterize the structural complexity of the hosts, the total height (linear distance between the ground and the top of the crown), crown height (vertical distance between the lowest leaf and the top of the crown) and crown diameter (greatest horizontal crown length) of the trees were measured using a tape measure. The circumference at ground level (CGL, later transformed into diameter at ground level -DGL) was also measured using a tape measure. To measure gall density, three branches were collected from each individual, one in the lower third of the crown (lower stratum), one in the middle third of the crown (intermediate stratum) and one in the upper third of the crown (upper stratum), yielding a total of 150 branches. These branches were collected randomly from each strata. Each branch was stored in a plastic bag and transported to the laboratory to count the number of galls and number of leaves per branch.
Data analysis
For each branch collected, the gall density (number of galls per number of leaves) was calculated to avoid the possible influence of differences in the number of leaves per branch. From the measurements performed on each H. byrsonimifolia individual, allometric ratios were calculated to characterize the structural complexity of the individuals (Table 1 ). The differences in gall density per stratum were assessed using analysis of variance (ANOVA), followed by Tukey test. The correlations between gall density and structural complexity were tested using multiple linear regressions of the total gall density and gall density per stratum as a function of the allometric ratios considered. Significance was assessed using a t-test conducted on the parameters associated with each variable. To guarantee the assumptions of the regression, the variables density, height, individual slenderness, crown depth and crown slenderness were log 10 -transformed.
To evaluate whether H. byrsonimifolia individuals located closer to each other had similar gall densities, geostatistics based on theoretical spatial models were used (Journel & Huijbregts, 1978) . We thus tested the spatial dependence of the total host gall density variable and the spatial dependence of each of the three vertical strata considered. For this purpose, an experimental semivariogram was generated for each situation considered (total gall density per host and per stratum) and, in the presence of spatial structuring of the data, the fits of three theoretical spatial models (exponential, spherical and Gaussian) were tested using the least squares method. For each situation, the best model was selected based on the degree of spatial dependence (DSD) (Mello et al., 2008) . Bubble graphs of the total gall densities and density per stratum (with ln + 1 transformation for scale standardization) were constructed using the Cartesian coordinates (in meters), collected in the field, presented on the X and Y axes. In addition, the total gall density was plotted on the study site map for visual analysis of the spatial distribution of infestation. All analyses were performed using the R platform (R Development Core Team, 2010), and spatial analyses were performed using the geoR package (Ribeiro-Junior & Diggle, 2001 ).
RESULTS
The overall mean gall density was 0.29 g/leaf. In the upper stratum, the mean gall density was 0.4 g/leaf compared with 0.32 g/leaf in the intermediate stratum and 0.15 g/leaf in the lower stratum. The analysis of variance results indicated significant differences (p = 0.0059) in the gall densities among the strata of the sampled individuals, and the Tukey test indicated differences (p <0.01) between the means of the upper and lower strata, that is, the upper stratum had significantly higher gall density than the lower stratum.
The multiple linear regression of total gall density as a function of the measurements and allometric ratios of the host revealed significance (p <0.1) of the parameters associated with the variables height, crown depth and crown slenderness. For the strata, only the parameter associated with crown slenderness in the lower stratum was significant (p <0.1) ( Table 2 ). It should be noted that in all cases, the parameter associated with the height variable, although not significant for the strata, was negative, indicating that for all situations, the greater the height, the lower the density of galls. The same was true for crown slenderness: the deeper the crowns are in relation to their diameters, the lower the density of galls.
On the other hand, analysis of the parameters related to an individual's slenderness and crown depth, which were not significant in most cases, revealed a trend toward higher gall density in slender individuals and in those with deeper crowns.
All the strata considered presented a strong spatial dependence, which was reflected by the high spatial dependence of the total density of galls per tree (DSD = 84.17%). The lower stratum was characterized by a degree of spatial dependence equal to 100%, followed by the intermediate stratum (DSD = 92.99%). The upper stratum exhibited the weakest spatial dependence, i.e., 77.04%. The theoretical spatial model selected in all cases was the Gaussian, with the exception of the lower stratum, which was better represented by an exponential model (Figure 2) . When plotting the total gall density on the hosts on the study site map (Figure 3) , it was possible to observe higher gall density at the forest edges, in the abrupt transition to the savannah.
DISCUSSION
In general, four basic sources of variation affect herbivore population patterns: (1) presence or absence of host plants; (2) temporal variation in plant resources; (3) variability among plants of the same species; and (4) variation within the same plant (Hunter et al., 1992; Fagundes et al., 2001) . Thus, preference for individuals within the host species, or for specific characteristics of the individuals, has been reported in the literature (Lara et al., 2008; Espírito-Santo et al., 2007) , although the abundance of herbivorous insects naturally occurring in conspecific hosts is often very variable (Fagundes & Gonçalves, 2005) .
In the present case, in general terms, the density of galls on branches responded to the structural complexity of the H. byrsonimifolia individuals, and there was spatial dependence of gall density in individuals of this species. In general, gall density was higher in shorter individuals, with a greater crown depth and not very narrow crowns. That is, a higher crown volume was a decisive parameter -more than the total height per se -for gall density in the studied H. byrsonimifolia population. Greater canopy volume implies more meristems, and because galling insects depend on undifferentiated young tissues for induction and development, a high abundance of galls should be expected under high structural complexity (Espírito-Santo et al., 2007) . In this sense, the high availability of meristems explains high colonization in more architecturally complex plants because of increased oviposition sites (Lara et al., 2008) . In addition, greater structural complexity may mean more enemy-free areas for insects, as predicted by the enemy-free space hypothesis (Berdegue et al., 1996) .
The significantly higher gall density in the upper stratum compared to the lower stratum may indicate that greater exposure of an individual affects gall density. Therefore, the analyses performed on the total gall density of individuals of H. byrsonimifolia were also performed by stratum (upper, intermediate and lower) . However, the patterns were unclear by stratum. When considering the entire individual tree, the density of galls was significantly correlated with total height, crown depth and crown slenderness. However, the per stratum gall density did not reflect or weakly reflected the attributes used to illustrate the structural complexity of H. byrsonimifolia individuals (the gall density on the branches reflected the slenderness of the crown only in the lower stratum). Due to the absence of an inclusion criterion in the sampling, the large range of heights considered resulted in extensive variation of stratum conditions. For example, the three strata were very close together in trees with very small crowns, which may have masked patterns. The fact that the strata did not respond to architectural attributes may also have occurred because none of the attributes were stratum-specific; rather, they were related to the whole individual. Specific characteristics not considered, such as the number of branches and stratum biomass, may be highly correlated with stratum gall density (Lara et al., 2008) and may have influenced the results.
The present study corroborates the structural complexity hypothesis for total gall density in the individuals of H. byrsonimifolia in the studied population because the physical structure of the shoots of the host plant affected the structure of the population of herbivorous insects (Lawton, 1983) . Based on a wide scale, Espírito-Santo et al. (2007) reinforced that plant architecture is usually a relevant factor influencing the distribution and abundance of herbivory, but the determinant characteristics of plants can vary among studies depending on the life history of the species involved. However, this pattern is not always observed. Costa et al. (2010) used principal component analysis to summarize architectural explanatory variables and did not observe a significant relationship between the diversity and abundance of galls associated with Copaifera langsdorffii Desf. in Montes Claros, Minas Gerais, or with the size or pattern of branching of the host plant. According to Fagundes et al. (2001) , the lack of correlation suggests that other aspects of the herbivore/plant interaction should be focused on to explain the abundance of galls. Thus, gallers may respond to plant characteristics other than structural complexity, such as meristem dynamics, phenology, resource allocation, growth physiology, and defense mechanisms among architectural types. Therefore, these characteristics could have a more important effect on the diversity of gallers compared with the architecture of the plant (Fernandes et al., 1997; Gonçalves-Alvim & Fernandes, 2001) .
The strong spatial dependence found for the variable gall density in all situations considered shows that H. byrsonimifolia individuals located closer to each other had more similar gall densities than more distant individuals, which generally corroborates the resource concentration hypothesis (Root, 1973) , that is, closer resource patches should have similar and larger herbivore abundances. However, similar to the structural complexity hypothesis, some studies have not corroborated this hypothesis (e.g., Fagundes et al., 2001) .
The fact that the structurally more complex individuals had higher gall density and that the variable gall density was spatially structured leads to a metapopulation approach, in which the configuration of local populations heterogeneously distributed in a habitat is in accordance with the distribution of resources (Hanski, 1997) . Thus, each individual tree would be an isolated population, and local and regional processes of extinction and colonization would interact to determine the structure of the total population (Fagundes et al., 2001) . Extinction and colonization in this case depend directly on the ability of an adult female to find plants suitable for larval growth and survival because the immature stage limits mobility and the ability to fully exploit the resources of a host plant (Santos et al. 2012) . However, it is necessary to monitor this population to elucidate the metapopulation dynamics (Fagundes et al., 2001) .
Another point to be considered is the fact that the study site is a forest-cerrado ecotone, with large environmental variations, mainly of edaphic character. Since galls, due to the intimate relationship with the host, exhibit predictable responses to environmental variations (Santos et al., 2012) and plant nutrients in high concentrations become toxic to the gall larvae, the larvae would be more successful in environments under the influence of some stress where the plants tend to exhibit nutritional deficiencies (Carneiro et al., 2009) . Thus, the nutritional stress caused by the ecotone may have led to greater gall success in trees located at the forest edge, where low nutrient cycling occurs (Ferreira et al., 2006) and the trees are not yet exposed to the higher concentrations of aluminum present in Brazilian savannah soils (Haridasan, 2000; Klink & Machado, 2005) . Other edaphic changes at the forest-savannah ecotone transition, such as changes in soil drainage (Loschi et al., 2013) , as well as microclimatic changes, common to ecotonal environments, also increase the rates of galling insect occurrence, as they increase plant vulnerability to herbivore attack (Araújo et al., 2011; Araújo & Guilherme, 2012) .
CONCLUSIONS
The present study partially corroborates the structural complexity and resource concentration hypotheses for gall density in individuals of H. byrsonimifolia at the study site, suggesting a metapopulation pattern for the gall population. In addition, we observed greater galler success in the abrupt transition zone between the forest and the savannah.
The patterns found, together with studies of the dynamics of these antagonistic populations, may contribute to a deeper understanding of the ecology of ecotones.
